Bilayered micelles, or so-called bicelles, are generally made of long-and short-chain lipids. They are extensively used as model membranes to study the structure of membrane-associated peptides or proteins and their interactions with membranes. However, the phase behavior of lipid mixtures composed of longand short-chain lipids, especially at low temperatures, is still not very clear. In this work, the most commonly used long-chain lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and a short-chain lipid, 1,2-dioctanoyl-sn-glycero-3-phosphocholine (diC8PC), were selected as a bicellar model to study their phase behavior. Over the whole range of DPPC/diC8PC molar ratios (q) studied in this work, a lamellar crystalline phase (L c 0 ) enriched in DPPC was found to be the most stable phase at 5 C, together with a diC8PC-enriched micelle phase. Interestingly, a metastable phase, named the U phase in this work, was observed in the mixtures with a DPPC/diC8PC molar ratio between 1 and 4. The metastable U phase was found to be lacking in long-range order in the direction of the bilayer surface normal, but bearing a different "crystalline phase-like" hydrocarbon chain packing mode, in comparison with the lamellar crystalline phase. The kinetic properties of the U phase were also studied in detail, and it was found that the phase acts as a precursor phase in the process of forming the most stable crystalline phase. This work deepens our understanding of lipid crystallization behavior, and is also a step forward towards a more detailed picture of the phase behavior of lipid mixtures composed of long-and short-chain lipids.
Introduction
Bicelles are model membranes composed of long-and shortchain lipids, which are spatially separated in bilayer and "rim" or pore portions, respectively.
1-3 They have gained much attention since the 1990s due to their great potential in the study of membrane proteins. The planar bilayer region enriched in the long-chain lipids provides a favorable environment to study membrane proteins using various techniques, such as nuclear magnetic resonance (NMR), [4] [5] [6] [7] [8] [9] [10] [11] X-ray crystallography, [12] [13] [14] [15] [16] and spectroscopy techniques. [17] [18] [19] [20] [21] Bicelles can also be used as delivery vehicles for membrane proteins or drugs, 22, 23 or as templates for the synthesis of platinum nanowheels.
24,25
When applied to the crystallization of membrane proteins, bicelles composed of long-and short-chain lipids usually go through a mixing process with the membrane protein solution on ice, followed by a membrane protein crystal growth period at a higher temperature (e.g. 5 C, 20 C, or 37 C). 12, 13, 15, 26 Besides, the storage of a bicelle solution usually requires isothermal incubation at a specic low temperature, such as 4 C, in a refrigerator. 27 The detailed phase behavior upon T-jump and low-temperature incubation is a key point for understanding the mechanism by which the nucleation and crystal growth of membrane proteins occur. Thus, it is of vital importance to learn the phase behavior of bicellar systems composed of longand short-chain lipids.
The present work is also a continuation of our efforts in understanding the complex phase behavior of lipids and lipid mixtures, especially the formation mechanisms of crystalline phases in lipid systems. [28] [29] [30] [31] [32] [33] [34] In 1980, Chen et al. demonstrated that under prolonged incubation at around 0 C, PCs with hydrocarbon chains of 16-18 carbon atoms would convert from the gel phase to a so-called subgel phase (L c or L c 0 ), which is actually a crystalline phase. 35 The structure and formation of the crystalline phase of PCs have been the subject of numerous studies since then. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] As research continues, people found that the formation process of the subgel phase of lipids is far more complicated than they originally thought. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] The complexity of the subgel phase formation arises from the interplay between kinetic and thermodynamic factors. Tristram-Nagle et al. proved that the crystallization process of fully hydrated DPPC from the gel phase to the subgel phase follows a nucleation-growth mechanism, using X-ray diffraction data and a designed T-jump protocol. 46 Lewis et al. systematically studied the crystallization process of nsaturated PCs with different chain lengths using FTIR spectroscopy. 40 According to their work, n-saturated PCs (n ¼ 10-18) will rst transform into a metastable crystalline phase (L c 1 ) and nally change to the most stable crystalline phase, through a series of intermediates, depending on the tail length. Tenchov et al. studied various types of lipids, including PC, phosphatidylethanolamine (PE), and phosphatidylglycerol (PG), and summarized some general features of the metastable phases occurring between the gel and the subgel phases, and two types of precursor phases were proposed: the L R 1 phase and the SGII phase. 44 In the former, the hydrocarbon chains are perpendicular to the bilayer plane and are arranged in an orthorhombic lattice of four-nearestneighbor type, similar to the metastable rotator phases found in long-chain normal alkanes upon crystallization. 47, 48 In the latter, the hydrocarbon chains are tilted to the bilayer plane and arranged in an orthorhombic lattice of two-nearest-neighbor type.
In the present work, by using two saturated PC lipids that differ only in the carbon number of the acyl tails, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioctanoyl-snglycero-3-phosphocholine (diC8PC), we designed a system to study the phase behavior of lipid mixtures composed of longand short-chain lipids, using both an isothermal protocol and a T-jump protocol. The inuence of the molecular ratio of DPPC/diC8PC, q, was studied and we found that mixtures with lower q values favored the formation of a new metastable phase, which transforms into the most stable L c 0 phase upon a longenough incubation at 5 C. Six compositions of the lipid mixtures were examined. The molar percentages of diC8PC over the total lipids were 5%, 10%, 20%, 25%, 41%, and 50%. In the area of bicelles, the molar ratio (q) is a more frequently used parameter, and the respective ratios of DPPC/diC8PC are 19, 9, 4, 3, 1.44, and 1.
Experimental section

Isothermal protocol and T-jump protocol
Lipid samples were rst heated to 60 C to remove their thermal history. Aer that, the following protocols, unless otherwise specied, were used. For the isothermal protocol, samples were incubated at 5 C for 30 d. For the T-jump protocol, the samples were rst incubated at À20 C for 24 hours and then cooled to 5 C for 4 days of incubation. Their kinetic properties were studied by changing the incubation time at specied temperatures, which can be found in the related sections and gures.
DSC
Calorimetric data were obtained using a differential scanning calorimeter, DSC821 e (Mettler-Toledo Co., Switzerland), equipped with a mechanical cooling system. A high-sensitivity sensor HSS7 was adapted for the system.
Synchrotron X-ray scattering
Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) experiments were performed at the Beamline 1W2A of the Beijing Synchrotron Radiation Facility (BSRF) (l ¼ 
Results and discussion
3.1. Phase behavior of DPPC-diC8PC system using two protocols
The phase behavior of various DPPC-diC8PC mixtures, determined by the T-jump protocol and isothermal protocol, was rst examined with a DSC technique, and the results of the rst heating scans are shown in Fig. 1 . The phase states of the mixtures at different temperatures were identied with the help of SAXS and WAXS, which will be presented later. For DPPC, both protocols give the same result, with the DSC heating curve showing sequentially the sub-, pre-, and main transitions upon increasing the temperature at temperatures of 23 C, 38 C, and 42 C, respectively. The presence of the sub-transition suggests that aer treatment with both protocols (the incubation time of the isothermal protocol for DPPC was 15 d), DPPC is at the subgel (L c 0 ) phase, which is consistent with previous work.
32,48
However, mixtures containing diC8PC show different thermotropic phase behavior, depending on the values of q, as can be seen in Fig. 1 . On the one hand, for all the mixtures containing diC8PC, the DSC curves show the disappearance of the pre-transition peak at around 38 C compared to DPPC, which is the phase transition from the lamellar gel phase (L b 0 ) to the rippled gel phase (P b 0 ). 32 The disappearance of the pre-transition of DPPC is also seen in other systems when another component, for example, DOPA, is added. 34 On the other hand, there are differences in the DSC curves between the mixtures containing diC8PC, depending on the q values. Accordingly, the samples containing diC8PC are classied into 2 groups: mixtures with high q (19, 9, and 4) and low q (3, 1.44, and 1) values. When the mixtures were treated with the T-jump protocol, the DSC curves of the high-q mixtures exhibit no or little endothermic peaks in the range 15 C to 25 C (Fig. 1A ), indicating that no or little L c 0 phase is formed. But for the low-q mixtures, aer treatment with the T-jump protocol, the DSC curves exhibit signicant endothermic peaks in this temperature range, indicating that the mixtures form a certain amount of L c 0 phase domains. For the isothermal protocol (Fig. 1B) , the high-q mixtures show no or small peaks, except for the main transition over the whole temperature range displayed, which is the same as for the case with the T-jump protocol. Conversely, the DSC curves of low-q mixtures give peaks in the temperature range [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] C, higher than the sub-transition, suggesting different phase behavior.
The new phase, which has not been reported to the best of our knowledge, is named the U phase in this work. The features and formation kinetics of these two phases will be discussed later.
To identify the phase states of the mixtures, we performed SAXS and WAXS experiments. Since high-q mixtures do not show a large difference under the two protocols, we focused mainly on two mixtures with q ¼ 1.44 and 1, and pure DPPC. The results at selected temperatures are shown in Fig. 2 . For DPPC, the phases at 5 C, 30 C, and 50 C are identied as the lamellar crystalline phase (L c 0 ), the lamellar gel phase (L b 0 ), and the lamellar liquid crystalline phase (L a ), respectively. In the SAXS region, the reciprocal spacings (s) at the scattering maxima show a ratio of 1 : 2 : 3 for all the three phase states, indicating that these phases are lamellar. The repeat distances of these structures are evaluated as 6.01 nm ( which is a little shorter than the spacing in the L b 0 phase of pure DPPC (0.42 nm), suggesting a more tightly packed mode of the hydrocarbon chains in the former. In the SAXS region, a lamellar structural feature can be clearly seen with a repeat distance of 5.87 nm, markedly shorter than that of the L b 0 phase of pure DPPC, which is explained by interdigitation of the chains of diC8PC and DPPC. Thus, the gel phase of the mixtures with q ¼ 1.44 and 1 is actually an interdigitated lamellar gel phase (L b I), which is reasonable for the phospholipid mixtures containing a long-tail component and a short-tail component. The stable phase at low temperature of the two mixtures is the lamellar crystalline phase (L c 0 ), as evidenced by the SAXS and WAXS data. In the SAXS region, the s values of the scattering peaks are 0.153, 0.291, and 0.444 nm À1 , close to a ratio of 1 : 2 : 3, indicating that the L c 0 phase is a lamellar structure with a d value of 6.54 nm, 0.54 nm longer than that of the crystalline phase of DPPC. The increase in the repeat distance may be attributed to the decrease in the tilt angle, which is 34 in the crystalline phase of DPPC.
44,51,58
In the WAXS region, the peaks are similar to those for the crystalline phase of DPPC. The similarity implies that the hydrocarbon chains are in a triclinic lattice, which is also proven by the FTIR results discussed in the next section.
To characterize the newly identied U phase, we have tried to prepare samples as pure as possible with only this phase state. Clearly, as shown in Fig. 2 , a broad peak is seen in the SAXS region, indicating the lack of long-range order in the The submolecular details of each phase were characterized using FTIR experiments, and the results are shown in Fig. 3 , while the FTIR peak assignments are shown in Table 1 . Here we 
32,33,59
The C]O stretching band of the liquid crystalline phase is a broad peak centered at 1733 cm À1 , and as the lipids change to the gel phase, the peak becomes sharper and shis to 1735 ) and assignments of FTIR absorption bands of DPPC-diC8PC binary mixtures with q ¼ 1 and 1.44 the interfacial region upon the phase transition from the gel to the crystalline phase, which is a common feature of the crystalline phase of lipids.
31-33,59
In the PO 2 À symmetric stretching region, little change is seen between the liquid crystalline phase and the gel phase, indicating that the hydration situation is almost the same in these two phases. For the U phase and the crystalline phase, the PO 2 À symmetric stretching band is different from the gel phase and the liquid crystalline phase, suggesting that the degree of hydration of the head group region changes in the two phases.
32,59
Kinetic properties of the crystalline and the U phases
The formation kinetics of the crystalline phases of all mixtures were studied using T-jump protocol, and the DSC results are shown in Fig. 4 and Table 2 . For DPPC, aer 24 h of nucleation at À20 C, when we incubate the sample at 5 C for 2 days, the peak area of the sub-transition is 7.9 J g À1 , which increases to 18.7 J g À1 if the incubation time at 5 C increases to 4 days, close to the reported sub-transition enthalpy change (19.2 J g À1 ),
indicating that most DPPC molecules transform into the crystalline phase. When we increase the nucleation time to 48 h, 2 days of incubation at 5 C is enough to generate the crystalline phase for almost all DPPC molecules, implying that the increase in the nucleation time can effectively reduce the crystal growth time. For this reason, we studied the inuences of both the nucleation time and crystal growth time for samples with different compositions. For high-q mixtures (q ¼ 19, 9, and 4), little or no crystalline phase can form even with a crystal growth time of 4 days if the nucleation time is 24 h (Fig. 4B-D) . However, if the nucleation time is increased to 48 h, they will form the crystalline phase even aer 1 day of incubation at 5 C, suggesting that these mixtures form sufficient nuclei aer 48 h of incubation at À20 C rather than 24 h. Compared with DPPC, a longer nucleation time is required aer adding diC8PC. The situation is different for low-q mixtures (q ¼ 3, 1.44, and 1). For mixtures with q ¼ 3 (Fig. 4E) , aer 24 h of incubation at À20 C and 1 day of incubation at 5 C, two peaks appeared in the DSC curve, and the positions of the two peaks are the same as the peak positions of the crystalline phase and the U phase, which is strong evidence of the coexistence of the crystalline phase and the U phase. When we prolonged the incubation time at 5 C, the peak of the U phase vanished, while the peak area of the sub-transition increased and nally reached a maximum, implying that the U phase converted to the crystalline phase during the incubation. This also means that the U phase may act as a precursor phase in the crystallization process. For mixtures with q ¼ 1.44 (Fig. 4F) , the peak of the U phase was not observed aer 24 h of incubation at À20 C and 1 day of incubation at 5 C. When the incubation time at À20 C was decreased to 0.5 h, however, the coexistence of the U phase and the crystalline phase also emerged aer 2 days of incubation at 5 C and, nally, the U phase transformed into the crystalline phase aer incubation at 5 C for 4 days (data not shown). For mixtures with q ¼ 1 (Fig. 4G) , the crystallization process is similar to that for mixtures with q ¼ 3 and 1.44, but much faster. In order to further unveil the formation mechanism of the crystalline phase, we performed an in situ SAXS experiment using the T-jump protocol for the q ¼ 1 mixture. This was possible because the crystallization process of the q ¼ 1 mixture treated with the T-jump protocol can be nished on a scale of hours. The results are shown in Fig. 5 . The le panel of the gure is a series of time-resolved SAXS proles and the right panel is an enlarged display of selected scattering proles from the le panel (the thick lines). The sample was rst heated to 60 C in the test tube, allowing the lipid molecules to stay in the liquid crystalline phase, and then sealed in a sample cell at 10 C to perform the T-jump protocol. At the starting point (10 C), the sample was in the gel phase (L b I). It was cooled to À10 C at a constant rate of À10 C min À1 , transforming into the U phase. Aer incubation at À10 C for 12 min, there appeared a number of sharp peaks, which can be classied into two groups (marked with a and b). Both are identied as lamellar phases with repeat spacings of 5.92 and 3.88 nm. The former is close to the spacing of DPPC and is assigned as the DPPC-rich phase, and the latter is assigned as the diC8PC-rich phase. During the incubation at À10 C, the two lamellar structures were found to be stable. Then, the sample was heated from À10 C to 10 C at a constant rate of 1 C min À1 . Clearly noticeable are the shis of all the diffraction peaks towards a lower angle, indicating increases in the repeating spacings of both lamellar structures. At about 0 C, the "b" phase disappeared. The remaining "a" phase transforms into the lamellar crystalline phase. Based on the data, we conclude that the low-q mixtures crystallize via the U phase; in other words, the U phase is a precursor of the lamellar-crystalline phase ("a" phase in Fig. 5 ) for mixtures with lower q values. The diC8PC-rich phase ("b" phase in Fig. 5 ) that emerged during the crystallization process transforms into a micelle phase upon heating, corresponding to the vanishing of the scattering peaks at s ¼ 0.258 and 0.516 nm À1 . This is in line with published literature, which reported a micelle structure of diC8PC in H 2 O at room temperature. 62 It is worth noting that the protocol used here is not the exact T-jump protocol described in Section 2.2. The nucleation temperature used here is À10
C instead of À20 C, and the crystal growth temperature is 10 C instead of 5 C. This change was made for the convenience of SAXS-WAXS measurements. We have run a DSC experiment using this protocol, and the results (Fig. S1 †) support the general conclusions we achieved using the standard protocol.
The kinetic properties of the U phase under isothermal conditions with q ¼ 1.44 and 1 were also studied, and the DSC results are shown in Fig. 6 . The mixtures had been incubated at 5 C for 7, 30, and 60 days before DSC scanning. The thermograms indicate that both mixtures stayed in the gel phase aer 7 Table 2 . This indicates that most molecules in the samples were in the crystalline state aer 60 days of incubation at 5 C. Clearly, during isothermal incubation at 5 C, the gel phase rst changed to the U phase and then converted to the crystalline phase aer prolonged incubation. This is further strong evidence that the U phase acts as a precursor phase during the crystallization process.
Conclusion
In this work, we have systematically studied the phase behavior of the DPPC-diC8PC system using DSC, SAXS-WAXS, and FTIR. Firstly, we studied the phase behavior using both the T-jump protocol and the isothermal protocol, and found that at both high and low q, a lamellar crystalline phase (L c 0 ) enriched in DPPC was the most stable phase at 5 C. Formation of the crystalline phase accompanies segregation of a diC8PC-enriched micelle phase. Interestingly, for low-q mixtures (1 # q # 4), a metastable phase, named the U phase, was observed. The structural features of the U and crystalline phases were characterized using SAXS-WAXS and FTIR. The crystalline phase is a lamellar structure with a triclinic packing mode of the hydrocarbon chains, while the U phase is found to lose the longrange order in the bilayer normal direction but gains a different , incubated at this temperature for 30 min, and then heated to 10 C at 1 C min
À1
. Right: enlarged display of selected scattering profiles (thick line) from the left panel. "crystalline phase-like" hydrocarbon chain packing mode. Secondly, we studied the formation kinetic properties of the U and crystalline phases and found that, for high-q mixtures, more time is needed at À20 C to form nuclei, and thus diC8PC acts as an inhibitor for the crystallization of lipids, while for low-q mixtures, a much faster crystallization rate was recorded via the intermediate U phase. Upon incubation at low temperatures, the U phase separates into a lamellar DPPC-enriched phase and a lamellar diC8PC-enriched phase at À10 C, and nally transforms into a lamellar crystalline phase (L c 0 ) enriched in DPPC, along with a diC8PC-enriched micelle phase above 0 C. The present work deepens our understanding of the lipid crystallization process and will also provide helpful knowledge of lipid binary mixtures composed of long-and short-chain lipids, which are oen applied in membrane protein studies.
